In atmospheric turbulence, relative humidity has been almost a negligible variable due to its limited effect, compared with temperature and air velocity, among others. For studying the horizontal path, a laser beam was propagated in a laboratory room, and an Optical Turbulence Generator (OTG) was built and placed along the optical axis. Additionally, there was controlled humidity inside the room and measuring of some physical variables inside the OTG device for determining its effects on the laser beam. The experimental results show the measurements of turbulence parameters C 2 n , l o , and σ 2 I from beam centroids fluctuations, where increases in humidity generated stronger turbulence.
Introduction
Turbulence theories had helped to study the atmosphere for many years [1] [2] [3] , and different dissertations, research papers, and projects have been proposed [4] [5] [6] [7] [8] [9] [10] . Those works have applied theories to evaluate statistically wavefront distortions and the angle of arrival fluctuations, including an updated study applied in a closed industrial environment, among others. Their main goal was to measure parameters of turbulence employing techniques such as Moiré deflectometry, telescopy, and collimated beams, incorporating some aberrations by collimated and focused processes, which could generate precision issues despite of the good results obtained. However, it is important to highlight that there are techniques to evaluate key parameters, such as inner scale (l 0 ), refraction structure index (C 2 n ), and arrival angle (α) in the atmosphere propagation beam. Part of those methods was used in this work.
On the other hand, some reports indicate that not only one physical parameter can change turbulence behavior [11] , and this fact motivated the construction of an OTG. It was built from a metal pipe, where some experiments to different relative humidity from water vapor were included [12] .
Humidity is a measurement that generally refers to the amount of water vapor in the atmosphere. Each atmospheric gas has its own pressure and a specific number of molecules in a given temperature. The saturation vapor pressure is the pressure of vapor when liquid water begins to condense. Thus, relative humidity is determined as the current vapor pressure divided by the saturation vapor pressure [13] .
Experiments were conducted with a scheme to study beam wander and atmospheric turbulence [14] . In this scheme, a few optical and electronic elements for measuring changes in the humidity parameter were included. Electronic sensors were previously calibrated to find a relation between relative humidity and beam centroid movements. This was possible with the use of an optical synchronization system that was operated with photodetectors, microcontrollers, and laptop-controlled cameras [12] .
Proposed System Description and Methods
Mathematical methods for studying turbulence parameters in this paper were based on movements of the laser beam spot acquired on CMOS cameras. The gray level centroids were estimated from these digitized images in order to evaluate their temporal fluctuation (as shown in Figure 1 ). The centroids are included in the model shown in [14] , whose purpose is to split laser cavity effects (mainly beam wander) of turbulence effects in the atmosphere. Figure 2 shows a spot on two planes located at distances and from the laser output, and the beam shifting that is modeled by and as translation and tilt, respectively, at times and . From geometric optics, if is longer than the Rayleigh range and is smaller, and distances lead to:
where and model the position of the centroids computed from CMOS-1 and CMOS-2 (as shown in Figure 3 below); and are known whether the spot is captured in two different instants The centroids are included in the model shown in [14] , whose purpose is to split laser cavity effects (mainly beam wander) of turbulence effects in the atmosphere. Figure 2 shows a spot on two planes located at distances z 1 and z 2 from the laser output, and the beam shifting that is modeled by r 1 and θ as translation and tilt, respectively, at times t 1 and t 2 .
Atmosphere 2019, 10, x FOR PEER REVIEW 2 of 14 synchronization system that was operated with photodetectors, microcontrollers, and laptopcontrolled cameras [12] . Data were processed and analyzed from the acquired images, achieving the assessment of fluctuations and turbulence parameters without using a lens to focus or expanding the beam, thus introducing less aberrations errors. There are some interesting findings that reveal fluctuations in the analysis of the binary effective area once the methods to generate turbulence from humidity are established. Besides, since the current systems employed to measure turbulence parameters are expensive, the model presented for evaluating humidity shows a simple technique that produces good results with less elements. Future works will consider the Fourier Telescopy scheme presented in [15] , and the phase analysis [16] of Young's fringes pattern obtained after the beam horizontal propagation.
Mathematical methods for studying turbulence parameters in this paper were based on movements of the laser beam spot acquired on CMOS cameras. The gray level centroids were estimated from these digitized images in order to evaluate their temporal fluctuation (as shown in Figure 1 ). The centroids are included in the model shown in [14] , whose purpose is to split laser cavity effects (mainly beam wander) of turbulence effects in the atmosphere. Figure 2 shows a spot on two planes located at distances and from the laser output, and the beam shifting that is modeled by and as translation and tilt, respectively, at times and .
Figure 2.
Transversal shifts of laser propagation, the illustration shows two observers placed at and , at (solid line) and (dashed lines), respectively. We assumed a centered beam at time , and beam wander effects at time due to laser cavity (in polar coordinates). Source: Authors.
From geometric optics, if is longer than the Rayleigh range and is smaller, and distances lead to:
where and model the position of the centroids computed from CMOS-1 and CMOS-2 (as shown in Figure 3 below); and are known whether the spot is captured in two different instants Transversal shifts of laser propagation, the illustration shows two observers placed at z 1 and z 2 , at t 1 (solid line) and t 2 (dashed lines), respectively. We assumed a centered beam at time t 1 , and beam wander effects at time t 2 due to laser cavity (in polar coordinates). Source: Authors.
From geometric optics, if z 1 is longer than the Rayleigh range and θ is smaller, z 1 and z 2 distances lead to:
where R 1 and R 2 model the position of the centroids computed from CMOS-1 and CMOS-2 (as shown in Figure 3 below); r 1 and θ are known whether the spot is captured in two different instants (t 1 and t 2 ). Notice that the time is discretized in order to find θ and to estimate the turbulence parameters from the fluctuations of the temporal angle and the scintillation index.
where and refer to two planes at and respectively, and refers to the iteration time. These equations are used to estimate the location of the beam with only the beam wander effect in a plane at from the laser output. Similarly, the Equation (3)-(4) are computed only in the third plane ( ) and two adjacent times ( and + 1) in order to evaluate the spatial fluctuations with regards to the time. On the other hand, the scintillation index, which measures intensity fluctuations, can be computed as:
whose expression corresponds to a line-of-sight laser communication link and the inner scale as:
with as the propagation distance, as (3) (4) , which corresponds to the cylindrical coordinates as depicted in Figure 4 . Lastly, the refraction index can be computed from Equation (6) shown in [7] as:
where, = is the wave vector. The parameter C is important since it characterizes the different stages as summarized in [10] . For example, Davis scale presents ~10 / as a very weak turbulence, ~10 / as weak turbulence, and ~10 / as strong turbulence [17] , while Wilfter and Dordowa include two stages: ~10 / as very strong turbulence and ~10 / as mean turbulence [18] . For computing the propagation angle in the Cartesian coordinates from geometric optics, let
and
where n 1 and n 2 refer to two planes at z 1 and z 2 respectively, and k refers to the iteration time. These equations are used to estimate the location of the beam with only the beam wander effect in a plane at z 3 from the laser output. Similarly, the Equations (3) and (4) are computed only in the third plane (z 3 ) and two adjacent times (k and k + 1) in order to evaluate the spatial fluctuations with regards to the time.
On the other hand, the scintillation index, which measures intensity fluctuations, can be computed as:
with z 3 as the propagation distance, θ as (3) (4) , which corresponds to the cylindrical coordinates as depicted in Figure 4 . Lastly, the refraction index can be computed from Equation (6) shown in [7] as:
where, k = 2π λ is the wave vector. The parameter C 2 n is important since it characterizes the different stages as summarized in [10] . For example, Davis scale presents C 2 n ∼ 10 −18 m −2/3 as a very weak turbulence, C 2 n ∼ 10 −16 m −2/3 as weak turbulence, and C 2 n ∼ 10 −14 m −2/3 as strong turbulence [17] , while Wilfter and Dordowa include two stages: C 2 n ∼ 10 −13 m −2/3 as very strong turbulence and C 2 n ∼ 10 −15 m −2/3 as mean turbulence [18] . Considering Equations (1)- (7) and the beam wander effects produced by laser cavity, the setup to acquire the information consists of a laser beam that is propagated horizontally, two CMOS sensors for measuring the propagation and position of the laser beam in non-controlled conditions, a relative humidity generator, an OTG (with a relative humidity sensor inside), and another CMOS sensor for measuring the propagation in its XY coordinate plane, perpendicular to the Z axis of the laser beam propagation and after the altered propagation conditions. Figure 3 illustrates the setup configuration, and Table 1 . shows the specifications of its components. The setup is based on the design proposed in Reference [14] , but relative humidity is inserted in the OTG by controlling the water temperature inside a pot during the experiments. That is to say, the source of relative humidity is located under the OTG and a plastic pipe located transversally to the laser beam guides it. There is a hole in the left side of the pipe to propagate the laser beam from the OTG to the last sensor. PC-1 to PC-3 control the CMOS cameras acquisition, while PC-4 is used for programming and acquiring the relative humidity sensors data via an Arduino platform. Those sensors are located inside the OTG in three different positions: 10 cm, 60 cm, and 95 cm from its left edge Considering Equation (1)- (7) and the beam wander effects produced by laser cavity, the setup to acquire the information consists of a laser beam that is propagated horizontally, two CMOS sensors for measuring the propagation and position of the laser beam in non-controlled conditions, a relative humidity generator, an OTG (with a relative humidity sensor inside), and another CMOS sensor for measuring the propagation in its XY coordinate plane, perpendicular to the Z axis of the laser beam propagation and after the altered propagation conditions. Figure 3 illustrates the setup configuration, and Table 1 . shows the specifications of its components. The setup is based on the design proposed in Reference [14] , but relative humidity is inserted in the OTG by controlling the water temperature inside a pot during the experiments. That is to say, the source of relative humidity is located under the OTG and a plastic pipe located transversally to the laser beam guides it. There is a hole in the left side of the pipe to propagate the laser beam from the OTG to the last sensor. PC-1 to PC-3 control the CMOS cameras acquisition, while PC-4 is used for programming and acquiring the relative humidity sensors data via an Arduino platform. Those sensors are located inside the OTG in three different positions: 10 cm, 60 cm, and 95 cm from its left edge A coupled hardware architecture was designed to measure the humidity, taking advantage of the capacitance variable sensor (Table 1) . That variable was used as input of a circuit to generate frequency, so that any change in capacitance is transduced in a change in frequency. Lastly, the output signal transduced to voltage is filtered, amplified, and coupled to a microcontroller (from A coupled hardware architecture was designed to measure the humidity, taking advantage of the capacitance variable sensor ( Table 1) . That variable was used as input of a circuit to generate frequency, so that any change in capacitance is transduced in a change in frequency. Lastly, the output signal transduced to voltage is filtered, amplified, and coupled to a microcontroller (from Analog to Digital Converter-ADC). Figure 5 shows the devices designed and their signal processing scheme is shown in Figure 6 . Data acquisition starts with an optical synchronization, as shown in Figure 3 . Cameras and sensors are set up before the laser beam port is opened. Thus, each subsystem is operating in an isolated manner under the frozen turbulence hypothesis [24] . Timers are programmed to acquire 1800 samples at a sampling frequency of 1 Hz. The number of samples considers the evaluation of humidity stability, calculation of the average time in turbulence parameter, and the sampling frequency to warrant synchronized acquisition over all devices (cameras, PCs, and micro-controller).
Results
Several experimental scenarios with controlled relative humidity were designed in order to evaluate the effects of relative humidity in the turbulence parameters. Some air temperature measurements are also summarized in Table 2 however, they were only references because the changes made in humidity lead to few changes in air temperature. 
Synchronization
The synchronization time is measured from the previously programmed timers of MATLAB® and the Arduino Platform. Table 3 reports the experimental time for each test listed on Table 2 . Notice that the worst case corresponds to Test 3, and the best average synchronization time corresponds to Test 1, following the frozen turbulence hypothesis [24] . Data acquisition starts with an optical synchronization, as shown in Figure 3 . Cameras and sensors are set up before the laser beam port is opened. Thus, each subsystem is operating in an isolated manner under the frozen turbulence hypothesis [24] . Timers are programmed to acquire 1800 samples at a sampling frequency of 1 Hz. The number of samples considers the evaluation of humidity stability, calculation of the average time in turbulence parameter, and the sampling frequency to warrant synchronized acquisition over all devices (cameras, PCs, and micro-controller).
Results
Synchronization
The synchronization time is measured from the previously programmed timers of MATLAB®and the Arduino Platform. Table 3 reports the experimental time for each test listed on Table 2 . Notice that the worst case corresponds to Test 3, and the best average synchronization time corresponds to Test 1, following the frozen turbulence hypothesis [24] . After the acquisition, a time model from [14] is implemented. It studies the transversal displacements of laser beam centroids and their 2D distribution; then, each spatial shift between times k and k + 1 is registered by all CMOS cameras. Therefore, it is used to find the centroid temporal distribution from Equations (1)-(4) of the images acquired by CMOS-1 and CMOS-2 and their estimated centroid at z 3 (CMOS-3 in Figure 3 ), and lastly, the current centroid on the CMOS-3 image.
Centroids Fluctuations
The first temporal fluctuation orders along the x and y-axis are calculated and analyzed from both the measured and estimated centroids (see Figure 7 ). In this section, movements are modeled as discrete variables; then, the minimum shifting calculated or estimated is a pixel. After the acquisition, a time model from [14] is implemented. It studies the transversal displacements of laser beam centroids and their 2D distribution; then, each spatial shift between times and + 1 is registered by all CMOS cameras. Therefore, it is used to find the centroid temporal distribution from Equations (1)-(4) of the images acquired by CMOS-1 and CMOS-2 and their estimated centroid at (CMOS-3 in Figure 3 ), and lastly, the current centroid on the CMOS-3 image.
The first temporal fluctuation orders along the x and y-axis are calculated and analyzed from both the measured and estimated centroids (see Figure 7 ). In this section, movements are modeled as discrete variables; then, the minimum shifting calculated or estimated is a pixel. Figure 7 shows how the centroids measurements are near the center value (zero) and in both cases, the maximum fluctuation is close to 6 pixels. The results are similar in the estimated centroids, but there are effects due to the pixel size (see the CMOS Camera on Table 1 ). These results are shown as a 2D histogram in Figure 8 . This representation indicates temporal fluctuations. Notice that the black color on the sidebar corresponds to the highest statistical frequency, while light red corresponds to the lowest frequency. Both the horizontal and vertical axis are movements on the plane of the laser beam centroid. Figure 7 shows how the centroids measurements are near the center value (zero) and in both cases, the maximum fluctuation is close to 6 pixels. The results are similar in the estimated centroids, but there are effects due to the pixel size (see the CMOS Camera on Table 1 ). These results are shown as a 2D histogram in Figure 8 . This representation indicates temporal fluctuations. Notice that the black color on the sidebar corresponds to the highest statistical frequency, while light red corresponds to the lowest frequency. Both the horizontal and vertical axis are movements on the plane of the laser beam centroid. Figure 8 shows the histogram with some null values between pixels close to the center due to propagation distances (this corresponds to the geometrical projection from the plane of cameras CMOS 1-2 to the plane, as shown in Table 1 ). When the relative humidity is incorporated, their effects over the centroid fluctuations could be measured at z . Figure 9 shows these compared results. Figure 8 shows the histogram with some null values between pixels close to the center due to z 3 propagation distances (this corresponds to the geometrical projection from the plane of cameras CMOS 1-2 to the z 3 plane, as shown in Table 1 ). When the relative humidity is incorporated, their effects over the centroid fluctuations could be measured at z 3 . Figure 9 shows these compared results. Figure 8 shows the histogram with some null values between pixels close to the center due to propagation distances (this corresponds to the geometrical projection from the plane of cameras CMOS 1-2 to the plane, as shown in Table 1 ). When the relative humidity is incorporated, their effects over the centroid fluctuations could be measured at z . Figure 9 shows these compared results. Notice that the central point (labeled (0,0) corresponding to the optical axis) has the highest frequency in Figure 9a . In contrast, in Figure 9b , the region with the maximal frequency has been shifted several pixels to the right from the central point (which is difficult to see in the linear scale of the color bar), and dispersion of centroid fluctuations changed from ±8 pixels for the Pattern Test to ± 25 pixels for Test #1. Furthermore, results from Test #2 and Test #3 are compared to the Pattern Test, and the results are shown in Figure 10 and Figure 11 . In both cases, the dispersion of fluctuations describes the humidity effects in the propagated laser beam. When the dispersion is large, the turbulent effect is strong. It is considered that the experimental setup conditions perhaps generate an additional vortex due to the 90°-incidence angle of the water vapor with regards to the optical path. Then, when the relative humidity produced by the vapor is large, so is the fluctuation of the laser beam centroid. Notice that the central point (labeled (0,0) corresponding to the optical axis) has the highest frequency in Figure 9a . In contrast, in Figure 9b , the region with the maximal frequency has been shifted several pixels to the right from the central point (which is difficult to see in the linear scale of the color bar), and dispersion of centroid fluctuations changed from ±8 pixels for the Pattern Test to ± 25 pixels for Test #1. Furthermore, results from Test #2 and Test #3 are compared to the Pattern Test, and the results are shown in Figures 10 and 11 . In both cases, the dispersion of fluctuations describes the humidity effects in the propagated laser beam. When the dispersion is large, the turbulent effect is strong. It is considered that the experimental setup conditions perhaps generate an additional vortex due to the 90 • -incidence angle of the water vapor with regards to the optical path. Then, when the relative humidity produced by the vapor is large, so is the fluctuation of the laser beam centroid. Notice that the dispersion in Test #2 is lower than in the Pattern Test case. It is caused by the relative humidity. Table 2 shows a relative humidity below the one for the Pattern Test.
Angle Computation
Results shown in Figure 7 and Equations (1)-(2) are used to measure the -angle. Measurements presented in Section 3.2 are proportional to , as follows:
The pixel size reported in Table 1 for the CMOS-3 camera is incorporated to convert discrete spatial measurements in the plane into an angular discrete variable. Therefore, each pixel is converted. Figure 12 displays the fluctuations of angle. Notice that the dispersion in Test #2 is lower than in the Pattern Test case. It is caused by the relative humidity. Table 2 shows a relative humidity below the one for the Pattern Test.
Results shown in Figure 7 and Equations (1)-(2) are used to measure the θ-angle. Measurements presented in Section 3.2 are proportional to θ, as follows:
The pixel size reported in Table 1 for the CMOS-3 camera is incorporated to convert discrete spatial measurements in the plane into an angular discrete variable. Therefore, each pixel is converted. Figure 12 displays the fluctuations of angle. These angle fluctuations allow obtaining the angle structure functions and the structure functions for Test #1 to Test #3, which are introduced in the next section.
Structure Functions and Turbulence Parameters
The structure function from Kolmogorov's theory [1, 25] is used to measure local fluctuations in the centroids and the -angle: These angle fluctuations allow obtaining the angle structure functions and the structure functions for Test #1 to Test #3, which are introduced in the next section.
The structure function from Kolmogorov's theory [1, 25] is used to measure local fluctuations in the centroids and the θ-angle:
where D is the structure function of f , the physical variable; → r is a selected position vector to measure D; → r 1 is any other position vector relative and close to → r , assuming a homogeneous region in the acquisition area (on the CMOS camera plane); and indicates the average time. After analysis, fluctuations are classified in groups of ten consecutive samples to compute the average time for getting the fluctuation angle of the centroid for each test as shown in Figure 13 (only for the first 1000 samples) and in Table 4 for all of the samples. Fluctuations are measured in relation to the average value of the angle of centroid (θ). The fluctuation of the highest angle was found in Test #1, where the relative humidity was close to 100%. Even though the Pattern Test had shorter fluctuations than Test #1, we could not affirm, at this time, anything about a relationship between humidity and angle fluctuation. On the other hand, the scintillation index is computed from the acquired images using Equation (5), aside a constant factor calibrated from a power meter device. The outcomes are shown in Figure 14 . The fluctuation of the highest angle was found in Test #1, where the relative humidity was close to 100%. Even though the Pattern Test had shorter fluctuations than Test #1, we could not affirm, at this time, anything about a relationship between humidity and angle fluctuation. On the other hand, the scintillation index is computed from the acquired images using Equation (5) , aside a constant factor calibrated from a power meter device. The outcomes are shown in Figure 14 .
It can be observed on Figure 14 that the scintillation index was most stable in the Pattern Test; Test #1 had more variations, and both Test #2 and Test #3 had insignificant variation. Then, the inner scale l 0 is also computed from previous results and Equation (6) , as shown in Figure 15 . It can be observed on Figure 14 that the scintillation index was most stable in the Pattern Test; Test #1 had more variations, and both Test #2 and Test #3 had insignificant variation. Then, the inner scale is also computed from previous results and Equation (6) , as shown in Figure 15 . It can be observed on Figure 14 that the scintillation index was most stable in the Pattern Test; Test #1 had more variations, and both Test #2 and Test #3 had insignificant variation. Then, the inner scale is also computed from previous results and Equation (6) , as shown in Figure 15 . Figure 15 shows Test #1 as the smallest inner scale which is an expected value because the inner scale must be small when turbulence is strong.
On the other hand, Table 4 shows final statistics for different turbulence parameters and Figure 16 the results of computing C 2 n , the refractive index structure constant. In Figure 16 , it was necessary to use a different scale in Test #1 to detail the values on the effect of turbulence in the other tests. In this case and using Equation (7), we could identify that the scale on Figure 16b is 10 times greater than its c and d.
scale must be small when turbulence is strong. On the other hand, Table 4 shows final statistics for different turbulence parameters and Figure  16 the results of computing , the refractive index structure constant. In Figure 16 , it was necessary to use a different scale in Test #1 to detail the values on the effect of turbulence in the other tests. In this case and using Equation (7), we could identify that the scale on Figure 16b is 10 times greater than its c and d.
Finally, Table 5 shows the average and the standard deviation of the refractive index structure constant ( ). Notice that Test #1 corresponds to a strong turbulence at a relative humidity of 99.13%. Finally, Table 5 shows the average and the standard deviation of the refractive index structure constant (C 2 n ). Notice that Test #1 corresponds to a strong turbulence at a relative humidity of 99.13%. 
Discussion
The techniques presented were implemented as a collaborative arrangement between electronic and optical devices. Temporal synchronization is important to ensure that each sample is taken under the frozen turbulence hypothesis. CMOS-1 and CMOS-2 were used to test the model and estimate centroids fluctuations as shown in Figures 7 and 8 . In addition, 2D histograms calculated to see temporal movements were a key to study the turbulence behavior.
Regarding previous results, devices were adapted to measure different turbulence parameters [7] . Besides, if only C 2 n is observed, it is difficult-and perhaps impossible-to associate humidity changes to estimate the degree of turbulence. It means that the highest value of humidity corresponded to the moderate turbulence; on the other hand, in normal conditions observed at Pattern Test, the turbulence was weak, as well, while the other parameters were coherent with the relative humidity value.
Conclusions
This paper proposes a simple technique to change the relative humidity, isolated from the experimental setup, to measure its effects on an optical turbulence generator. This setup allows temporal fluctuations in the frontwave of the laser beam because of the controlled relative humidity inside the OTG. Fluctuations are computed from the centroids of images acquired at different horizontal distances from the laser output. In addition, the arrival angle and the intensity were computed from the experimental measurements. Other turbulence parameters had a behavior in accordance with the relative humidity changes (in line with the average values in Table 4 ). Further, the study used a laser beam propagated horizontally without a telescope, lens, or any other optic element, avoiding aberrations and high-cost devices. A scheme using an interferometer and a fringe pattern to compute the optical phase effect will be considered for future works. 
